A new β-cyclodextrin (β-CD) derivative, 2-O-(2-hydroxybutyl)-β-CD (HB-β-CD), was successfully synthesized and used as chiral selector in capillary zone electrophoresis. Six chiral drugs, such as anisodamine, ketoconazole, propranolol, promethazine, adrenaline and chlorphenamine enantiomers, belonging to different classes of compounds of pharmaceutical interest were resolved. The chiral resolution (Rs) was strongly influenced by the concentrations of the cyclodextrin derivative, the background electrolyte, and the pH of the background electrolyte. Under the conditions of 50 mmol/L tris-phosphate buffer at pH 2.5 containing 5 mmol/L 2-O-(2-hydroxybutyl)-β-CD, the baseline separation of enantiomers, such as anisodamine (Rs = 3.10), ketoconazole (Rs = 3.01), propranolol (Rs = 3.87), promethazine (Rs = 3.63), adrenaline (Rs = 3.42) and chlorphenamine (Rs = 2.96), could be achieved.
Introduction
The separation of chiral compounds is an important subject of research in several fields, such as biological, environmental, clinical, and pharmaceutical. Very often, the two optical isomers exhibit different pharmacological activity, and sometimes there may be a requirement to have an optically pure drug.
The classical separation method that can be mentioned is simply precipitation, although it is not particularly efficient. Liquid chromatography (LC) is the most successful separation technique for the resolution of enantiomers. 1 Other separation methods used for enantiomer separation include thin-layer chromatography and gas chromatography (GC). 2, 3 However, a rapidly growing number of studies have been reported on the use of capillary electrophoresis (CE) in chiral separation. 4, 5 CE possesses both the high efficiencies obtained in GC and the versatility of LC. In the last decade, CE has been shown to be a powerful tool for chiral analysis, due to its characteristics, e.g. very high-resolution capability, short analysis time, use of minute amounts of both the sample and buffer, etc. The separation of chiral compounds can be achieved in CE by simply adding to the background electrolyte (BGE) an appropriate chiral selector, e.g. native and/or derivatized cyclodextrin, 6, 7 protein, 8 modified crown-ethers, 9 chiral surfactants, 10 metal-chiral amino acid complexes, 11 antibiotics, 12 
etc.
Among them, cyclodextrins (CDs) and their derivatives are the most widely employed chiral additives because of their high-resolution capability towards racemic compounds belonging to different classes. Concerning the separation time, resolving power and solubilities, derivatized CDs have been demonstrated to be better than the parent CDs.
The modifications influence the overall hydrophobic characteristics of the CDs, resulting in changes in the shape and size of their cavities and their hydrogen bonding ability. Now, often-used chiral selectors for the separation of chiral drugs in CE include hydroxyalkylated, carboxyalkylated, sulfonated, sulfoalkylated, or aminoalkylated CD derivatives.
13-16 2-O-Hydroxypropyl-β-CD (HP-β-CD) is the most widely used chiral selector.
However, we found that some drugs could not achieve baseline separation using HP-β-CD as a chiral selector. We then synthesized the single isomer 2-O-(2-hydroxybutyl)-β-CD and used 2-O-(2-hydroxybutyl)-β-CD for the enantiomeric separation of several drugs, including anisodamine and ketoconazole. The effects of the pH of the buffer, the concentrations of the CD derivative and of the background electrolyte were investigated.
So far, there are having been no references reported for the synthesis of HB-β-CD and application to the separation of chiral drugs.
The aim of this work was to develop a simpler, faster method for highly efficient enantiomeric resolution with a view to its routine use. Resolution was optimized by examining the influence on various experimental conditions. The results are presented and discussed below.
Experimental

Materials
Sodium hydroxide, phosphoric acid, phosphate of analytical reagent grade, and all the organic materials including acetone, N,N-dimethylformamide, ammonia water, isopropanol, acetic ether were purchased from Jinan Chemical Factory. 1,2-Butylene oxide was purchased from Tokyo Chemical Industry Co., Japan. Racemic drugs were purchased from Jinan drug store. β-CD was purchased from Yunan Cyclodextrin Factory, China. HP-β-CD was purchased from Shandong Xinda Fine Chemical Industry Co., China. Double-distilled water was used to prepare all solutions. Filters of 0.25 µm pore size were used to filter all of the solutions.
Apparatus
The experiments were carried out with the CE apparatus (ACS-2000 Beijing Cailu Science Apparatus Ltd., China). The UV signals were recorded at 214 nm. A fused-silica capillary of 45 cm length (effective length 36 cm) and of 75 µm i.d. (Hebei Yongnian Optical Fiber Factory, China) was used as a separation tube. BRUKER AVANCE 400M NMR was used. Electro-kinetic injection of the sample was performed and the applied-voltage was 15.00 kV. The temperature of the experiments was 25˚C.
Synthesis of 2-O-(2-hydroxybutyl)-β-CD
Synthetic route: adding one by one 1.5 g of NaOH, 100 mL of H2O and 6.6 g of β-CD to a 250 ml flask, it reacted for 1.5 h under stirring. Subsequently, 4.5 mL of 1,2-butylene oxide was added dropwise within 1 h; the solution reacted for 24 h at room temperature until the production maximized, which could be monitored by TLC. Then 1.0 mol/L HCl was used to neutralize the solution. The solvent was removed in vacuo, and dissolved soon afterwards with DMF of minimum quantity, filtered except salt, and deposited by acetone, to obtain 3.2 g production in a yield 40.8% by vacuum drying. Separation was done by silicagel column chromatography (developing solvent, isopropanol:ammonia water:water 3:1:1; production, Rf = 0.608; eluent, isopropanol:acetic ether:water 4:1:1).
Viewed from the 13 C-NMR spectra of 2-O-(2-hydroxybutyl)-β-CD, C-2 (72.4 → 74.08) and C-1 (101.9 → 103.5) obviously moved downfield, but C-6 did not. This structural information is consistent with Breslow's 17 theory concerning substitution location of the CD derivative.
The numerical values obtained from the NMR spectra were as follows. 13 
Degree of substitution calculation
From the 13 C-NMR spectra of 2-O-(2-hydroxybutyl)-β-CD, the degree of substitution was 3.07.
Capillary electrophoresis procedure and resolution calculation
A new capillary was conditioned by successively flushing with 1.0 mol/L NaOH (60 min), 0.1 mol/L NaOH (30 min), and double-distilled water (30 min) before use. Between each injection, the capillary was rinsed with 0.1 mol/L NaOH (2 min), double-distilled water (2 min) and with the respective running buffer (2 min).
The resolution (Rs) for a pair of enantiomers was calculated using
where t1 and t2 are the migration times of the enantiomers measured in minutes; w1 and w2 are the peak widths at the baseline of each enantiomer, designated as "1" and "2", and also
2(t2 -t1)
----w2 + w1 measured in minutes.
Results and Discussion
Influence of the CD type
We used β-CD, HP-β-CD and 2-O-(2-hydroxybutyl)-β-CD as chiral selector additives to the BGE in order to evaluate their effect on the enantiomeric separation. Experiments were performed with the buffer composed of 5.0 mmol/L chiral selector and 50 mmol/L tris-phosphate, pH 2.5.
The results showed that β-CD gave little chiral separation. HP-β-CD could separate several enantiomerics, but an excellent baseline enantiomeric separation of anisodamine and ketoconazole was achieved with HB-β-CD at pH 2.50. It seems that the chemical modification of the 2-hydroxy group of β-CD with the hydroxybutyl group enlarged the rim of the CD and made the hydrophobiccavity flexible; which intensified the chiral characteristic of the β-CD. Then, 2-O-(2-hydroxybutyl)-β-CD possessed a stronger ability of chiral separations for anisodamine and ketoconazole than β-CD. Compounds of pharmaceutical interest belonging to different classes are wellseparated (Table 1) .
Effect of the 2-O-(2-hydroxybutyl)-β-CD concentration on Rs
According to Wren and Rowe, 18 the apparent mobility differences required for the chiral resolution of enantiomers is given as
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1 K1K2 of the solute-CD complex, the lower is the CD concentration needed to achieve the optimal resolution. Figure 1 shows the effect of the chiral selector concentration on Rs. It is shown that the optimum 2-O-(2-hydroxybutyl)-β-CD concentration was 5.0 mmol/L. Figure 2 showed the chiral separations of the anisodamine, ketoconazole, propranolol, promethazine, adrenaline and chlorphenamine enantiomers. It can be seen that the enantiomers were baseline separated by 2-O-(2-hydroxybutyl)-β-CD.
Effect of the pH on Rs
Because the pH affects the resolution and the migration time, the pH dependence of the chiral resolution was investigated in the pH range from 2.0 to 3.5. Tris-phosphate buffer was prepared by adjusting the pH of phosphate (50 mmol/L as expected) with phosphoric acid or 5 mmol/L NaOH. Trisphosphate run buffer was tested from pH 2.0 to 3.0. This pH range was chosen to maintain a good buffer capacity; Fig. 3 shows the effect of the pH on Rs. When we increased the pH from 2.0 to 3.0, better resolution was obtained with pH 2.5. Because the effective mobility of the basic enantiomers decreased with a higher pH, however, mobility of the electroosmotic flow (EOF) increased.
Effect of the electrolyte concentration on the chiral separation
The concentration of tris-phosphate buffer (CB) was evaluated in the range from 0 to 100 mmol/L. No resolution was obtained when the concentration of tris-phosphate was 0 mmol/L. However for anisodamine, a phosphate concentration in the range 50 -75 mmol/L was found to be optimal, and an optimum of 50 -65 mmol/L was observed for ketoconazole. Figure 4 shows the influence of the concentration of phosphate on the resolution. High buffer concentrations reduced EOF, and increased the electric current and the Joule heat. Phosphate buffer of 50 mmol/L was selected, since it gave the best resolution without an excessive current.
Conclusion
The use of 2-O-(2-hydroxybutyl)-β-CD as a chiral selector in CE allowed the enantiomeric separation of different kinds of drugs, including anisodamine (Rs = 3.10), ketoconazole (Rs = 3.01), propranolol (Rs = 3.87), promethazine (Rs = 3.63), Table 1 . (a) -(f): same as in Fig. 1 . Fig. 3 Influence of the pH on Rs. All other conditions are the same as in Table 1 . (a) -(f): same as in Fig. 1 . adrenaline (Rs = 3.42) and chlorphenamine (Rs = 2.96). The resolution and enantioselectivity were influenced by the concentrations of the CD derivative and phosphate as well as by the pH of the buffer.
